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Abstract 
It has become more crucial to apply energy-efficient optimization not only to individual manufacturing factors but the whole manufacturing 
systems with the aim of greening of manufacturing. This study proposes an energy-efficient optimization technique for operations in a flexible 
manufacturing system with several machine tools by introducing a concept of a processing mode and energy-load profile. This study focuses on 
how a processing mode, describing machining conditions involving energy-aware operations, is derived and conducts some cutting experiments. 
An optimization model to generate the energy load profile is also formulated and it is demonstrated that the energy load profile has a role of the 
basis for energy-efficient machining operations as well as the manufacturing system through some computational simulations. 
© 2015 The Authors. Published by Elsevier B.V. 
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1.Introduction 
Greening of manufacturing systems has become much 
more significant to pursue sustainable manufacturing along 
with reduction of CO2 emission and energy costs. As the 
largest electric energy consumers, manufacturing industries 
have attempted to implement a so-called factory energy man-
agement system (FEMS) to their factories (e.g. [1]) with the 
aim of establishing an energy conservation framework [2,3]. 
This energy-saving trends have been also applied to industrial 
equipment such as industrial robots[4] and machine tools [5-
7]. Mori et al. [5] have investigated the effectiveness of some 
machining techniques that are expected to reduce electric en-
ergy consumption: Higher cutting conditions with keeping 
high-quality finishes and tool life, deep hole machining, syn-
chronization of the spindle acceleration and deceleration and 
so forth. Diaz et al.[6] have developed a method to character-
ize the specific energy of a milling machine tool as a function 
of material removal rate. Denkena et al. [7] have focused on 
the auxiliary units of a machine tool and shown that those 
units take up the main part of energy-consuming from results 
of the precise energy measurements. In addition to the devel-
opment of energy-saving solutions by both of the top-down 
approach and the bottom-up approach mentioned above, 
needs for much smarter and highly-automated manufacturing 
systems have been increased rapidly, therefore energy-
awareness not only in manufacturing processes but a manage-
rial planning must be considered. From this point of view, 
Wenert et al.[8] have proposed “EnergyBlocks” planning 
methodology with a view  to integrating energy-efficiency cri-
teria with the processes of evaluation and decision-making 
during production planning and scheduling. Rahimifard et al. 
have also taken a similar approach [9]; Their proposed 
framework provides a model of the detailed breakdown of en-
ergy-use for producing a single product, and can also provide 
transparency on energy efficiencies/inefficiencies through a 
manufacturing system. 
This paper proposes a new framework of operating and 
controlling an energy-efficient manufacturing system by in-
troducing an electric energy capacity plan, which is referred 
to as an “energy load profile”, providing preferable processing 
modes of machine tools. The processing mode describes the 
cutting condition of a machining operation, i.e., the spindle 
motor speed and the feed rate, with taking into account its 
predictive power consumption and also the estimated peak 
power. The electric-load profile can be regarded as a solution 
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of an optimization problem to determine a suitable processing 
mode for each operation on a machine tool so as to minimize 
the productivity under a predetermined peak power of the 
manufacturing system. We here consider a flexible manufac-
turing system consisting of CNC vertical machining centers in 
parallel, and introduce the optimization problem for finding a 
suitable energy-load profile so as to minimize total production 
time under the pre-specified peak demand. Through some cut-
ting experiments on the machining center, we investigate the 
possible processing modes for given operations by measuring 
the peak power and total electricity consumption for machin-
ing by some cutting conditions. Then we demonstrate electric-
load profile has a role of the basis for an energy-efficient 
manufacturing system through some computational simula-
tions to generate the energy-load profile based on the obtained 
processing modes. 
2.Framework 
2.1.Definition 
We consider high-valued automated manufacturing sys-
tems such as flexible manufacturing systems or flexible man-
ufacturing cells. Suppose that a target manufacturing system 
consists of M CNC machine tools and can produce a wide va-
riety of products. Suppose that processing of one product is 
referred to as an operation, denoted by i, and N operations are 
to be processed in the manufacturing system. In this study a 
processing condition for the operation considering its energy-
efficiency is called a processing mode. The processing mode 
can provide the predictive processing time, the estimates of 
total power consumption and the peak power for the corre-
sponding operation under a specific machining condition. 
From the operational perspective, it is expected to realize a 
green manufacturing system that can balance the productivity 
with energy-saving by choosing a preferable processing mode 
for every operation on each of machine tool over time. In 
general, the machining condition is determined based on the 
hardware specifications and the material property of a work 
piece, which indicates, fundamentally, there exists only one 
processing mode for the operation. Considering the energy 
efficiency in processing, however, we can say there is a pos-
sibility that multiple processing modes exist since the associa-
tion between the machining property and the electricity one 
has not been clarified completely in literature. Thus we here 
consider multiple processing modes for every operation. 
Operation i (i =1,…,N ) is supposed to be processed by us-
ing processing mode mi ∈ {1,...,Mi} among Mi available pro-
cessing modes for operation i. Let pimi denote the processing 
time of operation i in mode mi , during which rimiτ  of electric 
energy is consumed over the period [τ −1,τ ] where
τ =1,..., pimi . Total electric energy rˆmi and peak power rimi  can 
be expressed by: 
 
rˆmi =max rimi ,1,..., rimi ,pimi( )  (1) 
 rimi = rimiτ
τ=1
pimi
∑  (2)
Figure 1 depicts how processing modes can be obtained: In 
this figure, we consider two conditions of machining; one 
with a recommended cutting speed and another with high-
speed cutting for processing operation i. The left side of Fig. 1 
indicate an actual power consumption profile for each of ma-
chining condition, by which the prediction model of discrete 
estimated electric energy and processing time can be derived. 
These prediction models are referred to as processing mode. 
In this example, operation i is supposed to be processed under 
either of two processing modes; normal mode or high-speed 
mode. 
 
 
Fig. 1. Illustrative example of electricity consumption profile by machining 
and derived processing mode. 
2.2.Optimization Model for Energy Load Profile 
Figure  shows a framework of energy-aware operations 
of a manufacturing system we propose in this study. At first a 
predictive electricity-use profile of each CNC machine tool as 
the machinery equipment of the manufacturing system is de-
rived from its actual measured data. Then the predictive pro-
file together with an estimated processing time for an opera-
tion is modeled as a processing mode which is adopted by an 
energy load profile. The energy load profile of the manufac-
turing system describes the suitable processing mode for eve-
ry operation over time. The profile can be generated by solv-
ing an optimization problem to determine a processing mode 
for each operation as well as the operation starting time so as 
to optimize the productivity measure under the constraint of a 
predetermined peak power at each production time. There are 
two major advantages of introducing the energy-load profile; 
It is possible to produce a capacity plan or a detailed shop-
floor schedule from the profile on which energy-efficient use  
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Fig. 2. Framework of energy-efficient manufacturing systems based on ener-
gy load profile. 
of the machine tools is guaranteed. The optimized energy-load 
profile describes machining conditions with energy saving. 
Suppose that an energy load profile is generated within a 
planning horizon, T and available electric energy is limited up 
to Ct  over the period (t −1, t] . In addition to N operations to 
be processed, dummy operations 0 and N +1  are introduced 
to denote respectively the start and end of the energy-load 
profile over time; Dummy operation 0 precede all of N opera-
tions while dummy operation N +1 is preceded by N actual 
operations. We also introduce a binary variable ximit  which 
takes one if operation i finishes by processing mode mi  at t, 
i.e., at the end of the period (t −1, t] , takes zero, otherwise. The 
problem for deriving an energy-load profile with mining total 
production time can be formulated under the framework of a 
so-called multi-mode resource-constrained project scheduling 
problem[10], that is given by 
min.
 
tXN+1,1,t
t=1
T
∑   (3) 
s.t.   ximit =1
t=pimi
T
∑ ,   (i =1,
mi=1
Mi
∑ …,N )
 
 (4) 
       
tx jmjt ≤ (t + pimi )ximit
t=pimi
T
∑ ,
mi=1
Mi
∑
t=pjmj
T
∑
mj=1
M j
∑    (5) 
    ( j ∈ Pi, i =1,…N )  
       rimi ( pimi+t−q)
mi=1
Mi
∑
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟ ≤Ct
q=t
t+pimi−1
∑ ,
i=1
N
∑   (t =1,…,T )
 
(6) 
where Pi expresses a set of operations preceding operation i. 
Equation (3) indicates the maximum production time to be 
minimized. Equation (4) is a constraint regarding the comple-
tion time of operation i under processing mode mi , and Eq. 
(5) expresses precedence relations between operations. Equa-
tion (6) describes a constraint on availability of electric ener-
gy. 
3.Case Study 1: Processing mode 
This section focuses on how practical processing modes for 
CNC machine tools can be derived based on the cutting ex-
periments. We also investigate the applicability of a high ma-
chining speed of machine tools as well as a tool path derived 
from CAM as a processing mode by clarifying the relation 
between the processing time and the electric energy through 
cutting experiments. The power demand was measured every 
one second with 3P3W connection to input power source ca-
ble by using KYORITSU KEW6305. 
3.1.High Speed Machining 
First, we carried out cutting experiments of two different 
types of metal plates depicted in Fig. 3 by a CNC vertical ma-
chining center (FANUC Tape Center Model-D) with a TiN 
coating end mill G4MCD with φ10mm. We utilized alumi-
num alloy A5052 with W ×D×H = 74× 74×35 mm as a 
workpiece material. The left side of Fig. 3, pattern A, has four 
slots of 3mm in width and 12mm in depth in X-axis direction 
and two same slots in Y-axis direction, while pattern B has a 
slot in both of X- and Y-axis direction and a circle slot of 
6mm in width and 3mm in depth.  
Five machining modes based on a spindle speed S and a 
feed rate F were examined. We first set a recommended com-
bination of S and F, which is considered to be empirically the 
best machining parameters, where (S,F)=(1000,500), then 
employed four types of high speed machining parameters 
were employed: (S,F)= (1500,750), (2000,1000), (3000,1200), 
(3000,1500). 
Table 1 summarizes the measured processing time, total 
electric energy consumption, and peak power for each ma-
chining parameter. It is apparent that total power consumption 
tends to reduce when the spindle speed and the feed rate are 
faster yielding the shorter processing time. While the peak 
power tends to be higher then the processing time becomes 
shorter. These results indicate the machining speed and con-
sumed power have a strong correlation, and thus processing 
modes derived from both of a spindle speed and a feed rate is 
effective for energy-efficient machining operations. It should 
be noted that we can expect reduction of consumed electricity 
by choosing higher machining speed, however, there would 
be a risk to reach the maximum peak power available in the 
whole manufacturing system depending on a combination of 
operations processed simultaneously at the same time. 
3.2.Tool Path 
Second, we investigate how a tool path affects to electric 
power consumption through cutting experiments on a CNC 
vertical machining center (FANUC RROBODRILL αT14ie). 
We considered rough processing of a rounded surface as de-
picted in Fig. 4 with four different types of tool paths taking 
into account vertical (Z-axis) motion of the main spindle; Cir-
cle (Path 1), spiral (Path 2), morphing from circle to rectangle  
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Fig.3. Workpieces (A5052) 
Table 1. Results of measured processing time and consumed power according 
to different cutting conditions. 
Spindle speed 
Feed rate 
1000 
500 
1500 
750 
2000 
1000 
3000 
1200 
3000 
1500 
Pattern A 
Processing mode 
Processing time [s] 
Power consumption [Wh] 
Peak power [W] 
 
1 
885 
244 
1250 
 
2 
626 
185 
1279 
 
3 
461 
141 
1371 
 
4 
397 
139 
1520 
 
5 
334 
120 
1599 
Pattern B 
Processing mode 
Processing time [s] 
Power consumption [Wh] 
Peak power [W] 
 
1 
677 
185 
1242 
 
2 
464 
137 
1308 
 
3 
461 
110 
1354 
 
4 
397 
105 
1574 
 
5 
334 
87 
1548 
 
(Path 3), and line in Y-axis direction. The workpiece mate-
rial was S45C, and we utilized a φ2mm ball-end mill with two 
cutting teeth. The following cutting conditions were used: 
3500 min-1 of the spindle speed, 250 mm/min of the feed rate 
and 1 mm of the depth of cutting. 
Table 2 shows the results of measured processing time, to-
tal energy consumption, and peak power needed. Table 2 re-
veals Path 4 provides the longest processing time among the 
considered tool paths. Total electric energy consumption 
tends to be lower when the processing time becomes shorter. 
On the other hand, the peak power is strongly larger with the 
shorter processing time. This tendency indicates there is a 
strong correlation between the tool path and consumed power. 
4.Case Study 2: Energy Load Profile for FMS 
In this section we attempt to generate an energy load plan 
based on the processing modes based on the results in Table 
2; By calculating the average power consumption per every 
120 seconds, four different processing modes as depicted in 
Figs. 5 and 6 were generated. Processing mode 1 is based on 
Path 1 “Sprial” taking 240 seconds with 433W of peak power 
and 854W of total power consumption. Processing modes 2 
and 3 have the same processing time, 480 seconds, with dif-
ferent peak power: 417W for mode 2 and 413W for mode 3. 
The estimated total power consumption of mode 2 is 1635W, 
and 1644W for mode 3. In processing mode 4, 393W of peak 
power and 2641W of total power consumption are expected 
with 840 seconds. 
Consider that a flexible manufacturing system with four 
CNC vertical machining centers in parallel. Assume that the  
 
Fig.4. Four types of a tool path for processing of a rough surface 
Table 2. Results of measured processing time and consumed power according 
to different tool paths. 
Processing mode 
Tool path 
1 
Spiral 
2 
Lines 
3 
Morph 
4 
Circles 
Processing time [s] 
Power consumption [kWh] 
Peak power [W] 
235 
5.7 
455 
390 
9.0 
449 
470 
10.8 
424 
800 
16.9 
445 
 
peak power of the machining centers is 1.7kW, and that the 
time as well as electric energy required for setup and material 
handling are ignored. The number of operations was set to 20 
( N = 20 , J =1 ), and multi-start local search was utilized to 
optimize energy load planning. Fig. 7 shows an example of a 
feasible energy load profile. The total production time of the 
plan is 1700s. In Fig. 7, 15 operations among 20 ones are pro-
cessed according to processing mode 1, followed by three op-
erations by processing mode 2, two by processing mode 4. 
The generated energy-load profile describes the suitable pro-
cessing modes over time under the predetermined available 
electricity for the target manufacturing systems. This indicates 
the energy load profile can have a role of the basis for energy-
efficient machining operations as well as the manufacturing 
system. 
 
 
Fig.5. Processing mode 1 by path 1 (left side) and mode 2 by path 2. 
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Fig.6. Processing mode 3 by path 3 (left side) and mode 4 by path 4. 
 
Fig.7. Example of energy-load profile for manufacturing system with four 
CNC machine tools in parallel. 
5.Conclusions 
We have proposed a new framework for energy-efficient 
operations of a manufacturing system by introducing the con-
cept of the processing mode and the energy load profile. We 
have examined high speed machining and tool path flexibility 
can derive useful processing modes through some cutting ex-
periments on the machining centers, and demonstrated the ap-
plicability of the energy load profile based on the computa-
tional simulations. Future work includes building a prediction 
model of energy consumption from a theoretical aspect that 
can be directly utilized as a processing mode, the effective-
ness of the energy load profile as a basis of energy-aware 
manufacturing by conducting demonstration experiments. 
References 
[1] Kachi M, Yoshimoto Y, Makita M, Nozue N, Shida Y, KitagamiS, 
Sawamoto J. FEMS: Factory Energy Management System based on 
Production Information. Proc of the 2nd Int Conf on Integrated Systems 
and Management for Energy, Development, Environment and Health 
2002; 41-46. 
[2] Cárdenas JJ, Romeral L, Garcia A, Andrade F. Load Forecasting 
Framework of Electricity Consumptions for an Intelligent Energy 
Management System in the User-Side. Expert Systems with Applications 
2011; 39: 5557-5565. 
[3]  Duflou JR, Sutherland JW, Dornfeld D, Herrmann C, Jeswiet J, Kara S, 
Hauschild M, and Kellens K. Towards Energy and Resource Efficient 
Manufacturing - A Processes and Systems Approach. CIRP Annals:  
Manufacturing Technology 2012; 61(2):587--609. 
[4]  Hansen C, Ö\ltjen J, Meike D and Ortmaier T. Enhanced Approach for 
Energy-Efficient Trajectory Generation of Industrial Robots. 
Proceedings of the 2012 IEEE Int Conf on Automation Science and 
Engineering  2012. 
[5]  Mori M, Fujishima M, Inamasu Y and Oda Y. A Study on Energy 
Efficiency Improvement for Machine Tools. CIRP Annals - 
Manufacturing Technology 2011; 60(1): 145-148. 
[6]   Diaz N, Redelsheimer E, and Dornfeld D. Energy Consumption 
Characterization and Reduction Strategies for Milling Machine Tool Use. 
Proc of the 18th CIRP Int Conf on Life Cycle Engineering  2011; 263-
267. 
[7]  Denkena B, Flöter F, and Hülsemeyer L. Energy-Efficient Machine Tools 
and Technologies. The 15th International Machine Tool Engineers' 
Conference 2012; 174--187. 
[8]  Weinert N, Chiotellis S, and Seliger G. Methodology for Planning and 
Operating Energy-Efficient Production Systems. CIRP Annals - 
Manufacturing Technology 2011; 60(1): 41-44. 
[9]  Rahimifard S, Seow Y, and Childs T. Minimising Embodied Product 
Energy to Support Energy Efficient Manufacturing. CIRP Annals - 
Manufacturing Technology 2010; 59(1): 25-28. 
[10] Hartmann S and Briskorn D. A Survey of Variants and Extensions of the 
Resource-Constrained Project Scheduling Problem. Eur J of Operational 
Research 2010; 207(1): 1-14. 
